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Abstract: To understand soil erosion processes, it is vital to know how the weather types and
atmospheric situations, and their distribution throughout the year, affect the soil erosion rates.
This will allow for the development of efficient land management practices to mitigate water-induced
soil losses. Vineyards are one of the cultivated areas susceptible to high soil erosion rates. However,
there is a lack of studies that link weather types and atmospheric conditions to soil erosion responses
in viticultural areas. Thus, the main aim of this research is to assess the impacts of weather types and
atmospheric conditions on soil erosion processes in a conventional vineyard with tillage in eastern
Spain. To achieve this goal, rainfall events from 2006 to 2017 were monitored and the associated
runoff and soil loss were collected from experimental plots. Our results showed that the highest
volume of runoff and soil erosion is linked to rainfall associated with the eastern winds that accounted
for 59.7% of runoff and 63.9% of soil loss, while cold drops in the atmospheric situation classifications
emerged as the highest contributor of 40.9% in runoff and 44.1% in soil loss. This paper provides
new insights into the development of soil erosion control measures that help to mitigate the negative
impact of extreme rainfall and runoff considering atmospheric conditions.
Keywords: soil loss; runoff; weather types; vineyards; cold drops.
1. Introduction
Research studies related to soil erosion processes are becoming important and more relevant
due to the negative impacts that soil loss exerts on soil quality and fertility in agricultural fields [1,2].
Moreover, the rural and urban areas, including transport infrastructures, that receive the sediments
and runoff are damaged [3–5]. Thus, soil erosion is more than the loss of sediments as it also poses
risks to human societies [6,7]. Understanding which factors play key roles in runoff generation and
subsequent soil loss is crucial to the design of proper land management plans [8,9]. Despite the huge
amount of studies published in the last decades, the contribution of each of the factors governing the
soil erosion process is still not clear [6,10]. The scientific literature highlight two key factors that control
soil erosion rates, these being rainfall and soil management [11,12]. There is abundant literature on the
effects of soil management on soil erosion [13–15], within which there is a long list of sustainable land
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use and land management options [16,17]. However, the literature is limited to the impacts of climate
on soil erosion, the majority of which are on climate change [18] and rain erosivity [19]. Topics such as
rainfall characteristics are relevant factors in the soil erosion process, and so is the origin of the air
masses and weather types [20].
The types of rainfall events are determined by raindrop characteristics [21,22], rainfall intensity [23,24],
duration and total volume [25,26]. These rainfall characteristics determine the activation of runoff and
total discharge along the hillslopes and watersheds [27]. Among the factors controlling soil erosion,
the climate is relevant and deserves more attention to properly understand and foresee its impacts
on soil erosion processes and desertification [28–30]. Studies along climatological gradients have
been widely researched and the relationships between climate and soil erosion processes have been
demonstrated [31,32]. To shed more light on the impact of climate on soil erosion processes and rates,
it will be useful to assess the impacts of weather types (WTs) on soil erosion.
The use of WTs to assess soil erosion is a new approach that will contribute to a better
understanding of the soil erosion processes and to predict the impact of climate change on soil
erosion. Peña-Angulo et al. [33] confirmed that this characterization allows an understanding of
the main situations under which runoff and soil losses occur, giving new useful information for
assessing and predicting the spatial variability of soil erosion processes. The relationship between
the synoptic WTs, runoff and sediments have been successfully studied in a Mediterranean mountain
landscape [20] and several Mediterranean soil erosion plots [34]. Their main results highlighted that
most of the rainfall, runoff and soil losses were generated by a relatively small number of daily events,
and just a few WTs contributed to nearly all the total amounts. It is well-known that the soil losses
are concentrated in a few days due to the control rainfall intensity exerts on soil erosion rates [35,36].
However, it is yet to be ascertained whether this analysis can bring new insights into agricultural
research and soil erosion. Rodrigo-Comino et al. [37] performed the first weather-type induced-soil
erosion analysis in a Mediterranean vineyard where an abandoned field and an active field were
compared. Their results with slightly more than 20 rainfall events did not show any clear trend and
soil management seemed to be the overriding factor. It is believed that soil erosion research requires a
large number of rainfall events that involve long-term monitoring for the results to be conclusive [38].
Thus, this paper is based on a long series of field trial measurements to shed more light on this issue.
Developing a new soil erosion research approach is relevant to assist in the design of sustainable
soil management systems that will contribute to reducing soil erosion rates. It is well known that the
use of cover crops, organic amendments and the reduction of heavy machinery used in some hotspots
in cultivated areas are the most successful erosion control measures [39,40]. These soil management
systems are relevant in vineyards, which are one of the agricultural fields that register the highest
soil erosion rates worldwide [41]. However, to develop the most sustainable management system,
we need to get more information on other factors such as rainfall characteristics and distribution,
making research of WTs more relevant as this will help us to understand soil erosion processes.
This paper contributes to this understanding.
The main aim of this research is to assess the impacts of WTs on soil erosion processes considering
a conventionally tilled vineyard in Eastern Spain using a long-term (2006–2017) dataset obtained from
2 m2 soil erosion plots. We hypothesize that only a few of the WTs are responsible for most of the soil
losses, and, therefore, soil erosion control strategies should be implemented considering the seasons in
which these WTs occur.
2. Materials and Methods
2.1. Study Area
We selected a plot from the traditional viticulture region of Terres dels Alforins, in Valencia
province (Valencia, eastern Spain). The experimental area is located in the Les Alcusses valley within
the Moixent municipality (Figure 1). It is about 60 km from the Mediterranean Sea, elevation varying
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between 550 and 750 m a.s.l. The study area is a representative vineyard managed by conventional
tillage on a colluvial low lying area (footslope position) with active past and current erosion processes
influenced by human and natural factors [42]. The vineyards produce grapes and wine for the Celler
del Roure winery using the Monastrell grape variety among others. The 30-year-old vineyards are
planted with a framework system of 3.0 m × 1.4 m. All the rows and inter-rows are tilled three times
per year by a tractor that tills the soil to a depth of about 25 cm, redistributing the material from
the inter-row to the row area in the same upslope direction. The soil surface is devoid of vegetation
cover and the soils have low organic matter content (from 1.1% to 1.5%) due to the use of herbicides.
Nevertheless, during some periods of the year, some vegetation cover can be found underneath the
vines. The general inclination of each inter-row area is lower than 5%. Cretaceous limestones and
Tertiary marl deposits containing deep (>5 m) colluvium are the main parent materials [43], and the
soils are classified as terric Anthrosol with colluvic materials [44]. The observed soil profile depths
range between 40 and 60 cm and are homogeneous due to decades of tillage. The soil texture is
sandy-loam and the rock fragment cover ranges from 25% to 40% but the mean volume in the soil
profile is lower than 10% [45].
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Figure 1. Study area located in the Terres dels Alforins belonging to the Celler del Roure winery.
Source: Aerial Photography (IGN, Spain: https://es.ign.com/)
The climate is characterized by typical editerranean conditions with an average annual
temperatu e of 15 ◦C. Normally, drought persist een June and September with a mean total
annu l rainfall of 400 mm yr−1. Howeve , peaks of rainfall intensities during autumn
(September to November) can reach 100 m day− , a d summer (June to A gust) thunderstorms can
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reach 40 mm h−1. Rills, ephemeral gullies, landslides and floods can be noted after extreme rainfall
events [46].
2.2. Rainfall Events, Soil Loss and Runoff Data Collection
A total of 775 rainfall events were selected from the continuous rainfall records of the meteorological
station of Fontanars dels Alforins (AEMET—Agencia Estatal de Meteorología). A rainfall event is
separated by a minimum of continuous 6 dry hours and having a minimum total rainfall value of
1 mm. All single-day (24 h) events were then counted. For multi-day events, only those that retained
the same weather type and wind surface direction, or recorded no erosion, were counted.
A total of 4 pairs of sediment collectors installed on 2 m2 (1 m width × 2 m length) soil erosion plots
were used to monitor runoff and soil loss in the tilled vineyard. Each plot boundary was demarcated
by galvanized iron sheets (1 mm thick × 50 mm in height) and a 50 L container was installed at the
outlet to collect the runoff and soil losses. The plots were laid in the inter-row areas close to the
vine rows to avoid problems with the tractor passes. The collected sediment-laden runoff samples in
the containers were transported to the laboratory after each rainfall event, weighed and air-dried to
separate and quantify runoff and soil loss. The average values of runoff (l m−2) and soil loss (g m−2) of
the 8 collectors represented the event.
2.3. Assessment of Weather Types
The 775 rainfall events were analyzed and grouped according to their duration. The classification
of the different WTs registered in the study area was performed using the method applied to
the Iberian Peninsula by [47] and [48] using visual analysis of maps and the following objective
criteria [49–51]: the barometric pressure at the surface and 500 hPa (https://www.wetterzentrale.de/;
http://www.aemet.es/es/portada) level, and the dominant wind at the surface and 500 hPa level.
Based on this, the WTs were cataloged and related to volumes and numbers of rainfall and soil erosion
events, as well as their statistical significance. The types of atmospheric situations identified using
synoptic maps during each event are the following:
(1) Dynamic low-pressure without fronts (DLp). They are usually dynamic low-pressure events
but without the presence of associated fronts throughout the event, or, at least, on the day of
precipitation, or near the location zone of the weather station. The wind direction usually indicates
the position of this mentioned depression.
(2) Thermal low-pressure (TLp). These are spring, summer or autumnal rainfall events (usually the
first) characterized by low surface pressure but high at 500 hPa levels. They may or may not be
associated with frontal systems.
(3) Dynamic low-pressure with fronts (DLp+f). They are dynamic low-pressure weather systems
that occur at high levels in the atmosphere. The wind direction usually indicates the position of
that low-pressure, although it is the presence of the frontal system that usually determines the
final precipitation. Sometimes the passage of up to three fronts is recorded on the same day.
(4) Cold drop (CD). To identify cold drops and separate them from low-pressure weather systems
with cold-air damming in height. The fundamental criterion considered in this study was the
absence of low surface pressure. Therefore, any positive pressure element (>1014 hPa on the
surface) that is accompanied by a cold air cell developed in height has been considered as a
cold drop.
(5) High-pressure weather systems with fronts (HP+f). Sometimes, high pressures do not prevent
the unstable behavior of air masses, especially when they have an unstable maritime origin due
to contact with other masses of a different nature (temperature/humidity). In these cases, it is
usual that high-pressure systems show levogyrous curvatures that coincide with the fronts.
(6) Anticyclones/weak pressure weather systems (A). Frequently, barometric swamps determine
the appearance of relatively small thermal lows that are difficult to identify or the arrival of
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maritime air laden with moisture. In both cases, the pressure field is undefined, without a
marked instability, a priori, but it can result in downpours. In this situation, several downpours
of moderate-intensity have been identified.
According to these typologies of cold-air at height, we considered atmospheric situations related
to height analysis and specific to low-pressure (LP) events with cold flows to identify cold-air damming
(CAD), the cold drops (CD) and high-pressure (HP) events with cold fluxes. Other atmospheric
situations that exhibited height inversion were excluded from this analysis as these relate to coastal
areas or arid and semi-arid territories. It was assumed for this case study that height analysis was
not adequate for soil erosion assessment. The main reason is that some anticyclones with fronts,
and some low-pressure systems with fronts, lack cold air at height. This can be noted in the total
volume of rainfall where the situations conditioned by the height did not represent even half of the
total precipitated volume and less than a third of the total number of rainfall events. It should be
clarified, therefore, that the analysis focused on how, and to what extent, the situation at 500 hPa affects
the volume and the number of events that have an impact on soil erosion.
Finally, all events were reclassified according to their duration since this is how erosion and runoff
values are associated with rainfall events.
3. Results and Discussion
3.1. Rainfall Distribution upon Atmospheric Situations and Weather Types
Tables 1 and 2 summarize the total rainfall amounts and the number of events recorded during
the monitoring period within the different atmospheric situations. The maximum rainfall volume
is produced with low dynamic pressure systems with associated fronts (2247.8 mm or 45.4%). Also,
it is remarkable to highlight that almost 20% of that volume was produced by storms ranging from
10 to 30 mm. It was observed that the maximum number of events also occurred with the dynamic
low-pressure systems with the associated fronts (325 events or 41.9%), with the most frequent rainfall
events ranging from 1 to 4.9 mm. The maximum rainfall intensity per day was registered during the cold
drops, being the only type of atmospheric situation that usually exceeds 100 mm/day. On the contrary,
milder rains are seen to occur when weak anticyclones or high-pressure systems are recorded.
Table 1. Total rainfall based on the atmospheric situation.
Atmospheric Situation Total (mm) mm/Day >100 50–99.9 30–50 10–30 5–10 1–5 <1
DLp 1 304.7 4.5 0 0 36 124.2 58.9 79.3 6.3
CD (>1014 hPa) 1024.8 11.4 114 190.2 249.5 290.5 109.3 64.7 6.6
TLp with/without fronts 291.4 6 0 0 74.1 155 15.4 40.6 6.3
A1 195.2 2.2 0 0 0 37.5 76 68.1 13.6
DLp+f 2247.8 6.9 0 326.5 233.9 961.1 394.2 306.8 25.3
HP+f 884.5 5.7 0 59.5 104.2 409.4 160.6 131.5 19.3
Total 4948.4 6.4 114 576.2 697.7 1977.7 814.4 691 77.4
1 No associated fronts, no flow or cold cells in height.
Table 2. Number of events based on the atmospheric situation.
Atmospheric Situation Total (mm) >100 50–99 30–49.9 10–29.9 5–9.9 1–4.9 <1
DLp 1 68 0 0 1 8 9 33 17
CD (>1014 hPa) 90 1 3 5 15 15 31 19
TLp with/without fronts 49 0 0 2 10 2 20 15
A1 89 0 0 1 3 11 32 43
DLp+f 325 0 5 6 57 58 131 68
HP+f 154 0 1 3 25 24 56 45
Total 775 1 9 18 118 119 303 207
1 No associated fronts, no flow or cold cell in height.
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Table 3 presents the number of events, the total and average values of rainfall events as per the
WTs. Our results indicated that an elevated proportion of the total rainfall, up to 52%, was originated
by eastern WTs totaling 2569.4 mm (NE; E; S). Also, these WTs constitute up to 35% of the total rainfall
events (275 events). In contrast, the WTs associated with the North, West and South showed a lower
number of events at around 120 each. However, the total rainfall of the WTs associated with the South
resulted in a much higher rainfall amount (768 mm), double that for the North or West.
Table 3. Distribution of the number of events (n), total rainfall (T), average total rainfall (x ) and
standard deviation (σ) of the events displayed for the different weather types.
Weather Type n T (mm) ¯x (mm) σ (mm)
N 123 378 3.07 -
E 275 2569.4 9.34 -
S 122 768 6.30 -
W 124 378 3.05 -
Variable (mixed types) 131 855 6.53 -
N 40 143.7 3.59 5.63
N–NE 6 6.2 1.03 1.35
NE 87 896.9 10.31 16.11
E–NE 8 149.6 18.7 19.50
E 166 1465.2 8.83 14.13
E–SE 14 57.7 4.12 4.49
SE 62 458.3 7.39 9.30
S–SE 3 9.7 3.23 4.20
S 55 298.5 5.43 8.87
S–SW 2 1.5 0.75 0.64
SW 44 128.6 2.92 3.50
W–SW 8 41.3 5.16 5.26
W 60 178.6 2.98 3.30
W–NW 12 29.5 2.46 4.08
NW 75 226.2 3.02 3.80
N–NW 2 1.9 0.95 1.20
Mixed 131 855 6.53 10.38
Total 775 4948.4 - -
Figure 2 depicts the typologies of cold-air in height without considering other atmospheric
situations that exhibit height inversion as these relate to coastal areas or arid and semi-arid
territories [52,53].
Regarding the surface-to-height ratio, the lifting wind associated with cold pools (>520 m in height
for 500 hPa, but with clear pockets) appears to result in greater volumes and numbers of precipitation
events [54,55]. However, concerning the proportion of rainfall per day, it is the independent dynamic
low-pressure (LP+CAD) atmospheric situations that are responsible for higher rainfall intensity. Again,
LP+CAD is associated with the surface lifting wind that can occur during the wet season of some
Mediterranean regions [33,56], or as indicated by modeling (with some differences) in southern Africa
or mountainous areas [57,58]. Regarding the weather type related to the direction of the wind, again
the highest volumes correspond to the cold drops with a rising wind. However, the set of low-pressure
systems with associated fronts, regardless of the wind direction, are the ones that generate almost
half of the rainfall. In this regard, we note that other authors also consider possibly using the term
“upper-level lows” in coastal areas [59–61] or Hungary [62]. As for the scenario that most frequently
produces rains, there are coincidences with fronts associated with the western winds. Again, it is the
low-pressure systems with associated fronts that are responsible for the highest number of precipitation
events. Finally, when analyzing the ratio of rainfall per day, the highest number of precipitation events
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are seen to occur during associated fronts, but this time generated by eastern winds. These systems
can generate the highest rainfall intensities followed closely by the cold drops with eastern winds [63].Atmosphere 2020, 11, x FOR PEER REVIEW 7 of 15 
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Figure 2. Typologies of cold-air in height summarized as total rainfall from events (top) and the number
of events displayed for the different weather types (bottom). LP: low-pressure system; CAD: cold-air
damming; CD: cold drop; variable: mixed atmospheric situations.
3.2. Soil Erosion Events and Weather Types
A total unit runoff of 238.1 L m−2 and soil loss of 987.9 g m−2 (sediment concentration of 4.14 g L−1)
were generated from 434 grouped rainfall events of the 775 wet days (Table 4). A total of 59 wet
days did not generate enough runoff and soil loss to be sampled. So, they were not considered as
independent rainfall events but were included in the valid events.
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Table 4. Duration of the selected rainfall events.
Duration (Days) n Valid Events Not Valid Events Total (Days)
1 265 263 2 265
2 91 78 13 182
3 32 19 13 96
4 21 11 10 84
5 6 1 13 70
6 5 3 2 30
7 2 0 2 14
8 3 0 3 24
9 0 0 0 0
10 1 0 1 10
Total (events) 434 375 59 -
Total (days) 775 543 232 775
n: number of wet days; valid events: rainfall events grouping wet days; not valid events: they do not generate
enough runoff and were grouped into other rainfall events.
The number of events for the analysis of the hydric behavior of the soil related to the weather types
exceeded 86% of the total (375 of 434), although they only accounted for 70% of the recorded rainy days
(543 of 775). With these data, the number of valid events in each weather type was analyzed with the
total corresponding runoff and soil loss (Figure 3). With respect to the WTs, east contributed 59.7% of
runoff and 63.9% of soil loss while, with the atmospheric condition groupings, cold drops contributed
the maximum of 40.9% of runoff and 44.1% of soil loss. This is followed by north (24.3% of total runoff
and 21.4% of total soil loss) and dynamic low-pressure with fronts associated with variable wind
throughout the day (35.9% of total runoff and 33.5% of total soil loss). On the other hand, the less erosive
events occurred after the west and north WTs under dynamic low-pressure systems without fronts and
anticyclones (<1%). Our results corroborate the findings by Nadal-Romero et al., [34] highlighting
that just a few westerly, southwesterly and cyclonic WTs provide the highest amounts of rainfall.
They highlighted the important role of these in runoff generation, erosion and sediment yield as they
coincide with the wettest WTs. However, it is worth highlighting that these authors also confirmed the
elevated spatial variable differentiating areas. Some authors even indicated that the results can be quite
different depending on the input data, methods and classification used to generate the models [64].
For example, these results are contrary to those presented by Fernández-Raga et al. for Central
Spain [65], who estimated that four WTs with a western component generated the highest rainfall
amounts and kinetic energy (higher erosive power) than the other ones. This is due to the different
location of the sites as, in the western Iberian Peninsula, the main rainfall events are originated in the
Atlantic Ocean, while, in the eastern Iberian Peninsula, the east wind coming from the Mediterranean
is the main source of water vapor that contributes to the rainfall events with higher volumes and
intensities. The location of the study site is a key factor, and this is highlighted in our research as the
distance to the sea and height, the main source of water, is paramount for understanding soil erosion
distribution throughout the year [66]. Rodrigo-Comino et al. [37] also demonstrated that in addition
to WTs and the atmospheric condition, different land management practices (namely abandonment
or tillage) can show different soil erosion results. They estimated a bimodality pattern of the WTs in
southern Spain (Montes de Málaga), where the highest soil erosion was generated from the western
and southeastern types and the lowest ones from the south type (5.9%) and at the 500 hPa level. This is
an interesting contribution that highlights the need to include WTs, or the atmospheric situation, in the
modeling of soil erosion together with land use and management.
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3.3. Challenges and Implications for Future Studies Related to Weather Types and Soil Erosion
Weather types are not commonly used to assess soil erosion. As we observed, the evaluation of
long-term datasets allows the understanding of which atmospheric situations and WTs have more
erosive potential to damage cultivated areas [34], with the associated risk of degradation of soil
resources for agricultural production. From an agro-meteorological point of view and its classical
application, this information could be helpful to the design of effective strategies to mitigate the impacts
of some agronomical practices in vineyards such as tillage, the transfer of pollutants during cold drops,
and the application of irrigation when expecting rainfall events. Despite the emerging and promising
topic of land-use changes and intensive agricultural production and technologies to assess soil erosion,
little is known about this poorly studied topic [67]. In this study, we have demonstrated how synoptic
WTs in combination with the assessment of the atmospheric situations could be applied to confirm
when the most erosive events [68] could occur and when the appropriate soil management practices
could be applied or postponed [69,70].
There is limited literature related to WTs and soil erosion. One of the difficulties is related to the
standardization of the classification of WTs or the comparison among them to see which is the most
effective method [71,72]. Classifications using maps or objective criteria such as geostatistics could
be combined with in situ soil erosion estimates as in our current research. However, it is difficult to
develop such a long-term database or register a large number of rainfall events in arid and semi-arid
areas [73]. In this study, we adapted the use of the WTs classification to analyze some specific regional
rainfall events such as cold drops. Given the previous research at the hillslope [37], catchment [20] and
regional [33] scales, we considered it vital to compare different territories, cultivated areas, or highlight
research gaps that need to be developed.
The contribution of this research is relevant to crop and soil management because it is easy to
prevent high erosion rates now that farmers can have access to atmospheric conditions that cause
higher erosion rates. One example can be seen in Figure 4. In the eastern Iberian Peninsula, the damage
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comes from the eastern winds and we propose to leave as much plant cover in the field during autumn,
which is the period with the strongest east wind and high rainfall volumes and intensities. The plant
cover would reduce soil losses such as those that were found in rainfall simulation experiments [74],
soil erosion plots [75] and watersheds and basins [76]. Other options to minimize damage during
high-intensity rainfall events is to use traditional strategies such as soil bunds [77].
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4. Conclusions
Although cold drops are not the most frequent rainfall events in our study area, they were by far
the most erosive, and the presence of lifting eastern winds is key to understanding soil erosion activation
in the e stern Ib ri n Peninsula vineyards. On the other hand, weak anticyclones, with a similar
number of events, hardly s owed any rosive e ponse. Th rmal and dynamic low-pressure weather
systems show a similar soil erosion response, although, in the case of thermal systems, the variable
wind direction seems to register the most erosive response. Regarding the dynamic low-pressure
systems, they also reach the maximum runoff and soil loss values, but there is a strong influence from
certain wind directions (E and S). Finally, the anticyclones with associated fronts, although they do not
reach the values of the cold drops, show the same directions with greater erosive effects, also centered
on the eastern and southern winds. This paper gives new insights on the development of erosion
control measures with enough lead-time to reduce negative impacts such as cleaning water drainage
networks or roads, or to plan soil conservation strategies for autumn, using a statistical correlation
between weather type and extreme rainfall events.
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